Introduction
Angiotensin II (ANG II) is a potent vasoconstrictive peptide and participates in several types of hypertension (1) . Several types of ANG II receptors have been reported. The most important receptors in the kidney are type 1 and 2 ANG II receptors (AT1 and AT2, respectively) (2) . Both receptors have seven-transmembrane spanning portions and are coupled to G-protein (3) (4) (5) (6) (7) . AT1 mediates most of the physiofects of ANG II. Contraction of mesangial cells causes a decrease in the ultrafiltration coefficient (Kf) and glomerular filtration rate (GFR). The vasoconstrictive effect of ANG II is partly counteracted by nitric oxide (14) .
Among nephron segments, AT1 immunostaining has been observed in the brush border and basolateral membrane of the proximal tubules, thick ascending limbs, and collecting ducts. AT1 in the proximal tubules mediates the stimulation of sodium reabsorption (8) . AT1 mRNA has been shown to be present in all nephron segments (15, 16) . Further, ANG II was reported to induce an increase of intracellular calcium in glomeruli (Glm) and nephron segments (15) , and this increase of intracellular calcium was higher in the proximal convoluted and straight tubules (PCT and PST, respectively) and medullary and cortical thick ascending limbs (MAL and CAL, respectively) than in the Glm or collecting ducts (15) . Semiquantitative analysis has shown that AT1A mRNA expression is higher in Glm and PCT (15) . AT1B is present primarily in Glm and is expressed in small degrees in nephron segments (15) . However, quantitative expression of AT1 mRNA along the nephron remains to be clarified.
Changes of sodium intake are known to induce changes in the renin-angiotensin-aldosterone system. For example, a chronic high sodium diet has been reported to stimulate AT1 mRNA expression in renal afferent arterioles (17) , while dietary sodium restriction increased ANG II receptor density in proximal tubules (18) . In a related study, physiologic concentrations of ANG II stimulated water and sodium reabsorption in proximal tubules (19) . ANG II has also been shown to participate in the regulation of acid-base balance by stimulating Na/H exchange in proximal and distal tubules (12, 20, 21) . We reported that ANG II decreased vasopressin-dependent cyclic adenosine monophosphate (cAMP) generation and osmotic water permeability in the collecting ducts, suggesting that ANG II has diuretic or natriuretic effects (22) . Nonetheless, the role and regulation of AT1 in distal nephron segments has not yet been clarified.
In the present work, to determine whether AT1A is involved in the regulation of sodium and water balance, we quantitatively investigated AT1A mRNA expression along the nephron in control and dehydrated rats using reverse transcription (RT)-competitive polymerase chain reaction (PCR). We also examined AT1 protein expression in control and dehydrated rats using AT1-specific polyclonal antibody. Furthermore, isolated nephron segments were incubated in hypertonic solution to clarify the effects of hyperosmolality on AT1A mRNA expression.
Methods

Materials
The cDNA synthesis kit and PCR master kit were purchased from Roche (Mannheim, Germany). Agarose was obtained from Sea Kem (Rockland, USA). Bovine serum albumin and collagenase (type 1) were supplied by Sigma (St. Louis, USA). Vanadyl ribonucleoside complex (VRC) was obtained from Life Technologies BRL (Gaithersburg, USA). Enhanced chemiluminescence (ECL) Western blotting detection reagents were purchased from Amersham Pharmacia Biotec (Buckinghamshire, UK).
Preparation of Rats
Four-week-old male Sprague Dawley rats (70-100 g) were used in this study. The dehydration group was denied water intake for 2 days, while the control group was given free access to tap water. Both groups of rats were given standard rat chow. Urine was obtained when the kidney was perfused using collagenase solution. Urine osmolality was examined using an osmometer (Fiske Associates, Norwood, USA). The protocol of this study was checked and approved by the Experimental Animal Committee of the Kumamoto University School of Medicine (Nos.13-077, 14-019), and the rats were kept in the Center for Animal Resources and Development of the Kumamoto University School of Medicine.
Microdissection of Glm and Nephron Segments
Microdissection of Glm and nephron segments was performed as described previously (23, 24) . After perfusion of the kidney with solution A and 0.1% collagenase, the following segments were microdissected in solution A in the presence of 10 mmol/l VRC: Glm, PCT, PST, MAL, CAL, and cortical, outer medullary, and inner medullary collecting ducts (CCD, OMCD, and IMCD, respectively). Glm were divided into superficial and juxtamedullary Glm (s-Glm and j-Glm, respectively). S-Glm was obtained from the upper one-third of the cortex, and j-Glm was obtained from the inner one-third of the cortex. Three Glm and 2 mm-long tubules were used for the following RT-PCR. Solution A had the following composition (in mmol/l): 130 NaCl, 5 KCl, 1 NaH2PO4, 1 MgSO4, 1 calcium lactate, 2 sodium acetate, 5.5 glucose, 10 Hepes (N-2-hydroxyethyl-piperazine-N -2-ethanesulfonic acid) (pH 7.4).
RT-Competitive PCR
RT-PCR was performed using a cDNA synthesis kit and a PCR master kit as described previously (23, 24) . After RT using random primers at 42°C for 60 min, the samples were heated to 90°C for 5 min. The samples were stored on ice until PCR. Specific primers for AT1A were designed. The sense and antisense primers were defined by bases 971 to 992 (5 -AGAAACGATGACATCTTTAGGA-3 ) and bases 1728 to 1747 (5 -GTTGAACAGAACAAGTGACC-3 ), respectively (3, 7) . These primers were designed not to detect AT1B mRNA (4, 5) . The cDNA PCR product was predicted to be 777 bp in length. To quantify AT1A mRNA expression, competitive PCR was performed as described previously (23, 24) . The DNA competitor was synthesized by in vitro overlap-extension PCR (25, 26) . The AT1A inner sense and inner antisense primers were defined by bases 1407 to 1426 (5 -TCGGATAACATGAGCTCATCGACTAAATGGCT TACGACCA-3 ) and bases 1295 to 1314 (5 -TGGTCGTA AGCCATTTAGTCGATGAGCTCATGTTATCCGA-3 ), respectively (the complementary sequence added to the 5 tail is underlined). The DNA competitor was 92 bases shorter than the cDNA PCR product and was 685 bp in length. The concentration of the competitor was changed according to the nephron segments. The annealing temperature was 62°C, and 30 cycles of PCR were performed. A standard curve was produced by coamplification of the competitor and AT1A cDNA to determine the amount of AT1A mRNA.
Incubation Study
To determine the direct effects of hyperosmolality on AT1A mRNA expression, microdissected Glm, PCT, or IMCD was incubated in isotonic solution (solution A) or in hypertonic solution (solution A with NaCl, mannitol, or urea) for 90 or 180 min at 37°C. The osmolality of the solution was checked by an osmometer. After the incubation, the samples were centrifuged and the supernatant was discarded. RTcompetitive PCR was then performed as described above.
Ethidium Bromide Staining
After PCR, the PCR product was ethanol-precipitated and the samples were electrophoresed in 2% agarose gels in Trisacetate/EDTA (TAE) buffer. The PCR products were detected by ethidium bromide staining. After the ethidium bromide staining, the intensities of the bands were measured using a densitometer (Atto, Tokyo, Japan). The ratio of AT1A cDNA to the competitor cDNA was corrected for the differences in molecular weight.
Western Blot Analysis
Western blot analysis was performed as described previously (23, 24) . The membrane fractions from the cortex and medulla (outer and inner medulla) of control and dehydrated rats were prepared. The membrane fractions (10-30 µg/lane) were used for sodium dodecyl sulfate-polyacrymide gel electrophoresis. AT1-specific polyclonal antibody (Alpha Diagnostic, San Antonio, USA) was used after dilution with Trisbuffered saline with polyoxyethylenesorbitan monolaurate (Tween 20) (TBS-T, 1,000). Protein expression was detected using ECL Western blotting detection reagents.
Statistical Analysis
Results were expressed as the means SEM. Statistical analysis was performed using paired t-test or analysis of variance (ANOVA) plus Dunnett's type multiple comparison, as appropriate. Values of p 0.05 were considered to indicate statistical significance.
Results
Effect of Dehydration on Urine Osmolality
To confirm that the rats had become dehydrated, the urine osmolality was examined. Two days of dehydration caused an increase of urine osmolality compared with that in the control rats (2,106 314 and 1,268 244 mOsm/kgH2O in dehydrated and control rats, respectively; n 8 each group; p 0.05 vs. controls).
Quantitative AT1A mRNA Expression in Glm and Nephron Segments
First, AT1A mRNA expression along the nephron was examined ( Fig. 1) . The highest AT1A mRNA expression was observed in Glm, with j-Glm showing higher expression than s-Glm, probably due to its higher protein content. The collecting ducts showed higher AT1A mRNA expression than the proximal tubules and thick ascending limbs. The IMCD showed the highest expression per tubular length among the nephron segments. 
Effect of Dehydration on AT1A mRNA Expression in Glm and Nephron Segments
Next, the effects of dehydration on AT1A mRNA expression along the nephron were examined. Dehydration caused an increase of AT1A mRNA expression both in s-Glm and jGlm (Fig. 2) . Dehydration also caused an increase of AT1A mRNA expression in PST, MAL, and CAL (Fig. 2 ). In contrast, AT1A mRNA expression in CCD, OMCD and IMCD was decreased during dehydration.
Effect of Hyperosmolality on AT1A mRNA Expression
To determine the mechanisms of the changes of AT1A mRNA during dehydration, the acute effects of hyperosmolality on AT1A mRNA expression were examined in Glm, PST, and IMCD. First, the time course of the effects of NaCl on AT1A mRNA expression was studied in Glm and IMCD. Incubation of isolated Glm or IMCD in hypertonic solution containing NaCl caused an increase of AT1A mRNA at 90 min (Fig. 3) . Incubation of Glm and IMCD for a further 90 min in solution A supplemented with NaCl caused a decrease of AT1A mRNA expression to the control levels. Incubation of Glm in hyperosmotic solution induced by NaCl or mannitol increased AT1A mRNA expression (Fig. 4) . With NaCl, a hyperosmolality of 490 mOsm/kgH2O resulted in stimulation of AT1A mRNA expression, whereas much higher osmolalities of 690 and 890 mOsm/kgH2O did not. Hypertonicity induced by urea did not stimulate AT1A mRNA expression in Glm. Incubation of PST or IMCD in hypertonic solution containing NaCl or mannitol but not containing urea stimulated AT1A mRNA (Figs. 5 and 6 ). arginine vasopressine (AVP) (10 7 mol/l) also stimulated AT1A mRNA expression in IMCD.
Effect of Dehydration on AT1 Expression in the Renal Cortex and Medulla
AT1 was detected by two bands in Western blotting; a major one at 45 and a lesser one at 49 kDa (Fig. 7) . Although two bands were detected in the cortex, only a smaller band was detected in the medulla. It is not known whether the upper band represented glycosilated AT1. Two-days of dehydration caused a decrease and an increase of the expression in the cortex and the medulla, respectively.
Discussion
Our results showed that AT1A mRNA expression was highest in Glm, while moderate expression was observed in collecting ducts. Low levels of expression were detected in the proximal tubules and thick ascending limbs. Dehydration caused an increase of AT1A mRNA expression in Glm, PST, MAL, and CAL, but a decrease in CCD, OMCD and IMCD. Hyperosmolality induced by NaCl and mannitol caused an increase of AT1A mRNA expression in Glm, PST, and IMCD. In contrast, dehydration caused a decrease and an increase of the AT1 protein expression in the cortex and the medulla, respectively. These data showed that the mechanisms of the stimulation of AT1A mRNA and AT1 protein expressions differ between the proximal and distal tubules.
AT1 was detected at 45 kDa, which is compatible with a previous report (27) . Although two bands were detected in the cortex, only one smaller band was shown in the medulla. The reason for this difference is not yet clear. Since the kidney is quite heterogeneous, many structures in the renal cortex might affect the protein expression. Since proximal tubules are dominant in the renal cortex, AT1 expression in the renal cortex might represent the expression in the proximal tubules. In contrast, MAL and IMCD are dominant in the renal outer and inner medulla, respectively. Although the AT1 expression along the nephron has not yet been examined, the finding that AT1A mRNA expression is higher in collecting ducts than in thick ascending limbs suggests that AT1 expression in the renal medulla may consist mainly of AT1 expression in the OMCD and IMCD.
Dehydration causes an increase of plasma osmolality and plasma vasopressin concentration. Therefore, we examined the effects of hyperosmolality on AT1A mRNA expression in Glm, PST, and IMCD in vitro. The highest stimulation of AT1A mRNA expression induced by NaCl in Glm was observed at 490 mOsm/kgH2O, and further increases of medium osmolality decreased the expression. Since plasma osmolality would not increase more than 400 mOsm/kgH2O even under condition of dehydration, it is quite reasonable that the highest stimulation should be at 490 mOsm/kgH2O. NaCl and mannitol caused an increase of AT1A mRNA in Glm, PST, and IMCD in vitro, suggesting that hyperosmolality is a stimulator of AT1A mRNA expression. Two days of dehydration caused an increase of AT1A mRNA expression in Glm and PST. These data suggest that hyperosmolality during dehydration plays a causative role for the stimulation of AT1A mRNA expression in Glm and PST. However, 2-day dehydration caused a decrease of AT1 protein expression in the cortex. The down-regulation of AT1 expression in the cortex might have been caused by factors other than hyperosmolality in the plasma and renal interstitium. In contrast, vasopressin and hyperosmolality increased AT1A mRNA expression in IMCD in vitro. Therefore, the increase of plasma vasopressin or osmolality may have been the cause of the increase of AT1 expression in the medulla during dehydration. Down-regulation of AT1A mRNA expression in IMCD might be a secondary phenomenon after the up-regulation of AT1 protein expression in the medulla. These data show that the mechanisms of the changes of AT1A mRNA expression differ between the proximal and distal tubules. The plasma concentrations of ANG II or aldosterone may play key roles in the changes of AT1A mRNA expression during dehydration. The finding that AT1 mRNA expression was differentially regulated between the proximal and distal tubules may suggest that autacoids or other local factors played a significant role. Prostaglandin is known to counteract the action of vasopressin, and the synthesis of prostaglandin is higher in the renal medulla than in the cortex. Certain types of cytokines, such as transforming growth factor-β, epidermal growth factor, platelet derived growth factor, or interleukins may also affect the AT1 expression. The reason for urea's lack of effect on AT1A mRNA expression is not known.
Urea may suppress the metabolic pathway in proximal tubules. High urea permeability in IMCD, especially in the presence of vasopressin, may have influenced the results in IMCD. Further studies will be needed before we can draw a conclusion.
ANG II plays a major role in sodium reabsorption in the proximal tubules. Accordingly, studies of the role of ANG II in nephron segments have focused primarily on the proximal tubules (19, 28) . However, recent studies have reported that AT1A mRNA was present in all nephron segments (15, 16) . Semiquantitative analysis showed relatively higher levels of AT1A mRNA expression in proximal tubules than in distal tubules (15, 16) . However, our results revealed that AT1A mRNA expression in the collecting ducts was higher than that in the proximal tubules and thick ascending limbs. This finding was unexpected, since the physiologic effects of ANG II have been believed to be localized mainly in the proximal tubules (2, 18, 19) . The finding of an increased expression of AT1 in the medulla during dehydration suggests that AT1 plays an important role in the distal tubules, especially during dehydration. However, the physiological roles of ANG II in distal tubules are not yet clear. We previously reported that ANG II inhibited vasopressin-dependent cAMP generation and osmotic water permeability in collecting ducts (22) . Vasopressin causes antidiuresis by increasing intracellular cAMP content, and inhibition of vasopressin-dependent cAMP generation will cause diuresis. ANG II has also been reported to stimulate bicarbonate reabsorption by stimulating Na/H exchanger in distal tubules (20, 21) . Upregulation of AT1 in collecting ducts may increase acid excretion during dehydration. In our report, ANG II had no effect on vasopressin-dependent cAMP generation in the thick ascending limbs (22) . The physiologic role of up-regulation of AT1A mRNA in the thick ascending limbs during dehydration is still unclear. Down-regulation of AT1 expression in the renal cortex would be expected to cause a decrease in sodium reabsorption in the proximal tubules. Up-regulation of AT1 in the renal medulla would be expected to cause diuresis by inhibiting vasopressin-dependent cAMP generation. These changes in AT1 expression were the reverse of those expected, suggesting that they may have occurred as an adaptive or compensatory response to dehydration. Bouby et al. revealed that AT1B mRNA expression was mainly localized in Glm, and that AT1A mRNA expression is dominant in whole nephron segments (15) . AT2 expression plays a key role in fetal growth (2) . AT2 mRNA expression was detectable until 4-6 weeks of age after the birth (data not shown). A decreased expression of AT2 has been reported in the kidney and mesangial cells of spontaneously hypertensive rats (29) . Clearly, the functional roles of AT1B and AT2 in ion transport in nephron segments must be further examined.
In summary, the changes of AT1A mRNA expression during dehydration differ between the proximal and distal tubules. Dehydration caused a decrease and an increase of
